Abstract-The orthogonal frequency and code division multiplexing (OFCDM) system with 2-D spreading (time-and frequency-domain spreading) is becoming a promising candidate for future broadband wireless communication systems. OFCDM is more attractive than orthogonal frequency-division multiplexing (OFDM) both by introducing frequency-domain spreading for frequency diversity provision and time-domain spreading for flexible data rate provision. To provide high-speed mobile services, multicode transmission is employed in conjunction with OFCDM. In a Gaussian or flat-fading channel, multicode channels are orthogonal. However, in a realistic wireless channel, the orthogonality no longer maintains. Thus, multicode interference (MCI) is caused. This paper focuses on the investigation of the effect of Doppler shift on the downlink transmission of high-speed mobile OFCDM systems. A practical channel estimation algorithm based on a code-multiplexed pilot channel is employed to track the variations of fading channels. Hybrid MCI cancellation and minimum mean-square error (MMSE) detection proposed by the authors is employed as an efficient way to eliminate the MCI in the frequency domain. The system performance is analytically studied with imperfect channel estimation to show how it is affected by parameters such as the window size in the channel estimation, Doppler shift, the number of stages of the hybrid detection, the power ratio of pilot to data channels, spreading factor, and so on.
I. INTRODUCTION
R ECENTLY, the research on the future fourthth generation (4G) wireless communication networks has drawn a lot of attention. Using a huge bandwidth of 100 MHz, the 4G system intends to provide mobile data at a rate of 100 Mbps or more, especially in downlink. Various multiple access schemes have been investigated for the broadband downlink transmission. Since the multicarrier access scheme, or orthogonal frequency-division multiplexing (OFDM), is robust to the severe multipath interference (MPI) occurring in the broadband channel, it is preferred in the 4G downlink transmission to the conventional single carrier direct-sequence code-division multiple-access (DS-CDMA) scheme [1] . Spreading has been introduced in OFDM systems to provide flexibility in a multiuser environment. The OFDM with spreading in only time [2] and frequency domain [3] is known as multicarrier DS-CDMA (MC-DS-CDMA) and MC-CDMA, respectively. Moreover, the multicarrier system with 2-D spreading was independently proposed in [4] and [5] , where spreading is employed in both time and frequency domains. Denoting the time-domain spreading factor as and frequency-domain spreading factor as , the total spreading factor is . As an example, Figs. 1(a)-(c) illustrate time-domain, frequency-domain, and 2-D spreading schemes, respectively, in multicarrier systems, where two data symbols, A and B, are spread using the all " 1" orthogonal variable spreading factor (OVSF) code [6] with a length of four. It can be seen that instead of placing the spread chips in only time or frequency domain, the 2-D spreading locates the chips in blocks on the time-frequency grid. Basically, frequency-domain spreading introduces frequency diversity, whereas time-domain spreading mainly provides flexibility of different data rates. Fig. 1(d) shows 2-D spreading with frequency interleaving [7] , which is used to separate the subcarriers carrying the same information to get different fading for larger frequency diversity gain. It is expected that 2-D spreading with frequency interleaving is the most attractive among the four schemes.
Based on 2-D spreading with interleaving, an orthogonal frequency and code division multiplexing (OFCDM) system was proposed for the downlink transmission in future 4G networks [7] - [11] , where multiple code channels can be assigned to one single user to provide high-speed data transmission. In most cases, the system works in a fading channel with a small Doppler shift, where the channel variation in one packet duration is negligible. Time-domain spreading can maintain the orthogonality among the code channels. On the other hand, on interleaved subcarriers, the channel fading changes significantly due to the high frequency selectivity in a broadband channel. Thus, system performance is determined by the trade-off between the multicode interference (MCI) and the frequency diversity gain both resulting from the frequency selectivity. Under the conditions of light channel loads, quaternary phase-shift keying (QPSK) modulation, and small delay spread, the system performance can be improved by increasing the frequency-domain spreading factor. A simple equal gain combining (EGC) and the minimum mean-square error (MMSE) combining have been studied for time-domain despreading and frequency-domain despreading, respectively [7] , [9] .
A promising detection technique, called hybrid MCI cancellation and MMSE detection, has been proposed for the OFCDM system [12] . It has been shown in [12] that the hybrid detection can significantly improve the performance of the OFCDM system by cancelling out MCI in frequency domain (MCI-F) when Doppler shift is zero. In this paper, further investigation is carried out on the OFCDM system with the hybrid detection in the presence of Doppler shift. For a carrier frequency of 5 GHz, when a bullet train runs at the speed of 300 km/hr, the resultant maximum Doppler frequency can be as high as 1500 Hz. In this case, even with a short packet length such as 0.5 ms, the channel variation in one packet duration is not negligible. Thus, spreading in time domain cannot preserve the orthogonality between code channels and MCI in time domain (MCI-T) occurs. In the presence of Doppler shift, system performance will be quite different from that when the shift is zero. It is important to investigate the performance of the OFCDM system with the hybrid detection in a large range of Doppler shift. This paper investigates the effect of Doppler shift on the hybrid detection for high-speed OFCDM systems. A flexible channel estimation algorithm based on the code-multiplexed pilot channel is presented, where the estimation window size can be chosen according to Doppler shift. Thus, the proposed algorithm can adapt to different channel conditions. Furthermore, analytical expressions are derived for the MMSE weights stage by stage and used for performance evaluation. The paper is organized as follows. The system model is described in Section II. Section III presents the analysis on the performance of the OFCDM system. Section V presents some representative numerical results. Finally, Section IV draws conclusions.
II. SYSTEM DESCRIPTION

A. Transmitter Model
In the OFCDM system with 2-D spreading, suppose that totally code-multiplexed data channels be assigned to one user to provide high-speed data transmission. The th data channel employs the 2-D spreading code , where represents the code index. The time-domain spreading code is an OVSF code with a length of , which is the th code at the th level in the code tree [6] . Similarly, the frequency-domain spreading code is denoted as . Excluding the 2-D code , the rest codes can be divided into two subsets: one set, , with different time-domain spreading codes from , and the other set, , with the same time-domain spreading code but different frequency-domain spreading codes from [12] . The code channels in must be orthogonal to the th data channel in time domain, while the code channels in are orthogonal to the th data channel only in frequency domain. Generally, the MCI-F should be much more serious than MCI-T due to different fading on interleaved subcarriers. To keep the MCI small, the 2-D codes with the same frequency-domain spreading code, but different time-domain spreading codes should be assigned to data channels first. The number of interfering code channels in is at most , where is the integer portion of , and the number of code channels in is . Moreover, the relationship between , and is given by and , where % stands for the modulo operation.
The downlink transmission of the broadband wireless communication systems is considered. Since the operations on all data symbols are similar, Fig. 2 shows the simplified block diagram of signal processing on one data symbol, when both scrambler/descrambler and waveform shaping filter are omitted. It can be seen that first the QPSK-modulated data symbol is two-dimensionally spread with chips in time domain and chips in frequency domain, then the signals from the pilot and all data code channels are added together by a code multiplexer. Note that for simple realization, the same known QPSK-modulated pilot symbol is used for the channel estimation for all subcarriers and time positions. The all " 1" OVSF code is assigned to the pilot channel. Therefore, the time-domain spreading of the pilot symbol can be simply realized by a repeater. After multiplexing, the signals should be modulated to subcarriers. In the broadband OFCDM system, there are totally subcarriers and . With subcarriers and frequency-domain spreading factor , data symbols can be transmitted in parallel at the same time on each data code channel. Using a frequency-domain interleaver, the subcarriers carrying the same data symbol are separated as far as possible, so that the system can benefit from frequency diversity due to different fading on interleaved subcarriers. Although MCI-F will be increased by the frequency interleaver, it can be effectively cancelled out by MCI cancellation. The multi-carrier modulator can be realized by inverse fast Fourier transform (IFFT) in practical systems. In summary, the baseband transmitted data signal of the th subcarrier on the th OFCDM symbol in time domain can be expressed as (1) where is the signal power of one data symbol, is the data symbol of the th code channel with , is the 2-D spreading code, is the impulse response (unitary rectangular) of the pulse-shaping filter, represents the baseband-equivalent frequency of the th subcarrier, stands for the effective duration of a time chip (or OFCDM symbol), and is the complete duration including the guard interval .
Since the OVSF code with all 1 is assigned to the pilot channel, the baseband pilot signal of the th subcarrier on the th OFCDM symbol can be expressed as (2) where is the power ratio of pilot to one data channel and is the known pilot symbol with . Suppose that there are totally OFCDM symbols in one packet duration. The baseband-equivalent complex transmitted signal in one packet duration is then given by (3)
B. Channel and Receiver Models
Assuming perfect suppression of multipath by the guard interval , a parallel flat fading multichannel model is employed [13] .
is used to denote the complex channel fading for the th subcarrier. The amplitude and phase of are Rayleigh distributed with and uniformly distributed in , respectively. Moreover, the correlation coefficient of based on time and frequency separation is given by [14] (4) where stands for the conjugate operation, is the time difference, is the frequency separation, is the channel coherence bandwidth, and is the correlation coefficient (zeroth-order Bessel function of the first kind).
After passing through the parallel multichannel, as shown in Fig. 2 , the received equivalent baseband signals are first multicarrier demodulated, which can be realized by fast Fourier transform (FFT). Then the chips involved with subcarriers are obtained. On one hand, the output passes through the channel estimator. On the other hand, using the phase information of the estimated channels, the output is weighted by EGC and accumulated by the time-domain despreader for data channels. The resultant data signals will be further processed in terms of the hybrid detection. When the MCI canceller is employed, the output from the time-domain despreader for data channels is subtracted by a regenerated MCI. The remainders are then multiplied by weights obtained from MMSE algorithms and combined at the frequency-domain despreader to get the signals of the desired code channel. After frequency-domain despreading, a hard decision will be made to recover QPSK symbols. Finally, information bits at the desired code channel are obtained. The recovered information bits from all other code channels will be used to regenerate the MCI-F for the desired code channel. Basically, the interference regenerator performs the operation like the transmitter except the channel information. Although MCI cancellation cannot be performed at the zeroth stage due to unavailable information data, starting from the 1st stage, the cancellation process will continue in an iterative way, until a specified number of stages is reached.
III. PERFORMANCE ANALYSIS
After passing through the broadband channel and corrupted by a complex additive white Gaussian noise (AWGN)
, the received baseband signal is denoted as . By setting larger than the maximum channel delay difference, there is no interference from adjacent OFCDM symbols. Thus, the output of the matched filter on the th subcarrier in the th OFCDM symbol duration can be expressed as (5) where (6) is the channel fading on the th subcarrier, is the noise component with zero mean and a variance of , and is the power spectral density of . Note that with a broad bandwidth around 100 MHz, although the total number of subcarriers can be as large as 1024, the frequency spacing between adjacent subcarriers is nearly 100 kHz and still big. In this case, the effect of the intercarrier interference (ICI) caused by Doppler shift is insignificant as long as is less than 10 kHz [11] . Therefore, the ICI term is ignored in .
A. Channel Estimation
Considering packet transmission, channel estimation in this paper is more practical than that in [12] . Channel estimation is carried out on each subcarrier by using the code-multiplexed pilot channel. The pilot signal is first recovered by summing the (7) received signal over a time-domain window from to , then preliminary channel estimations can be obtained by dividing the pilot signal with the known pilot symbol, given in (7) at the bottom of the previous page, where is the window size of channel estimation in time domain and it must be integer times of , stands for the number of preliminary channel estimations in one packet duration, stands for useful channel information, is the background noise with a variance of , and stands for the MCI-T caused by all data channels with a variance given by (8) where is the autocorrelation of , given by (9) Note that the window size of the channel estimation can be taken as various values from to , as long as both and are integers. For example, when and there are OFCDM symbols in one packet, can be 8, 16, 24 and 48.
Therefore, the channel estimation can be carried out as follows. First, in the preliminary channel estimation [see (7)], is set to a specific value according to the Doppler shift. When the shift appears to be small, can be as large as to reduce the background noise. On the other hand, if the shift is large, must be set to a value as small as to reduce the distortion introduced by the average operation in .
Secondly, using the preliminary channel estimations , the channel estimation on the th subcarrier in the th OFCDM symbol duration, , can be obtained by a weighted sum of , given by (10) Linear interpolation can be adopted to track the channel variations by assuming that is located at the th OFCDM symbol. Note that the averaging estimation over the whole packet can be taken as a special case of interpolation with and . To improve the reliability of channel estimation, assuming adjacent subcarrier channels are unchanged or little changed, can be further averaged over adjacent subcarriers in frequency domain for further noise reduction. Using a sliding window average, the final channel estimation for the th subcarrier in the th OFCDM symbol duration is given by (11) where is the size of the sliding window in frequency domain.
Defining the channel estimation error as , the autocorrelation function of in time domain is shown in (12) at the bottom of the page. Then, for the th subcarrier, the variance of the channel estimation error in one packet duration is given by . It can be seen from (12) that the channel estimation error depends not only on the interference plus noise term, but also on the channel autocorrelation and the weighting factors . Using (12) , optimal parameters can be found for the channel estimation in various channel conditions.
(12)
B. Time-Domain Despreading
In one packet duration with OFCDM symbols and using subcarriers, the th code channel can transmit data symbols. Consider one data symbol, , which is spread over the first OFCDM symbols in the time domain, i.e.,
, and the interleaved subcarriers in the frequency domain. A simple EGC is employed in time-domain despreading to collect useful signals from different OFCDM symbols. The signal at the output of the time-domain despreader for the th code channel is given by MCI MCI (13) where , the phase for EGC weight is given by (14) and is given by (15) is the useful signal, MCI is the MCI-F from the codes in , given by
MCI is the MCI-T from the codes in and the pilot channel due to nonzero Doppler shift, and is the background noise.
C. Frequency-Domain Despreading
In frequency-domain despreading, the outputs of the time-domain despreader are weighted by different factors, multiplied by a frequency-domain spreading code and then summed over interleaved subcarriers. However, in the despreading process, serious MCI is caused by different fading on interleaved subcarriers, so MCI cancellation plus MMSE detection must be employed. At the zeroth stage of MCI cancellation, the regenerated MCI is unavailable due to detected data unavailable. Thus pure MMSE detection is used to combine the signals from different interleaved subcarriers. The weights of pure MMSE for the th data channel are given by (16) where . It can be seen in (16) that in the evaluation of , the power of must be estimated. Suppose that the useful signal, residual MCI-F, MCI-T, and noise are independent to each other. 
where , MCI , and are the useful signal, MCI-T, and background noise component, respectively, which are the same as the corresponding terms in (13) . However, MCI is the residual MCI-F, given by MCI MCI
The new weights of MMSE with MCI cancellation at the th stage is then given by (27) As to the power of , the power of useful signal and the variance of MCI-T and noise are unchanged as that in (18), (20), and (21), respectively. However, with good channel estimation, the variance of MCI-F MCI reduces with stages due to the MCI reduction. At the th stage , assuming that the data decision error and the error are independent with zero mean, the variance of residual MCI-F is given by (28) where is the BER of the th stage. It can be seen from (28) that after MCI cancellation, on one hand, the variance of the original MCI-F is reduced from (see (19)) to , on the other hand, an extra error is introduced as the second term on the right hand side of (28) due to the channel estimation error. Therefore, the channel estimation error not only affects the BER of the previous stage , but also increases the residual MCI of the current stage. Therefore, precise channel estimation is critical for the hybrid detection.
Finally, the output signal after hybrid detection is expressed as MCI MCI (29) where is the desired signal component, MCI is the residual MCI-F, MCI is the MCI-T, and is the noise at the th stage. Note that in the hybrid detection, not only the MCIs but also the useful signal and the background noise change with stages because of updating MMSE weights. The BER evaluation of can be obtained using the semianalytical method described in Section IV of [12] .
IV. NUMERICAL RESULTS
Some representative numerical results are presented in this section. A broadband system with 100 MHz is employed. Totally, subcarriers are used and the resultant subcarrier spacing is about kHz. The effective OFCDM symbol duration is 10.24 s. According to the typical urban channel model [16] , the delay spread of the multipath channel is around 2.14 s. Hence, a guard interval of 2.26 s is adequate to combat the MPI. Therefore, the complete OFCDM symbol duration is 12.5 s. There are totally OFCDM symbols in one packet duration. Unless noted otherwise, the average signal-to-noise ratio (SNR) per bit is defined as SNR dB. The power ratio between the pilot channel and all data channels is . The 2-D spreading factor is set to and the system load is defined as . The correlation coefficient between two adjacent interleaved subcarriers of interest is set to , corresponding to a coherence bandwidth of 1 MHz. The correlated Rayleigh fading channels are generated according to [17] . Finally, in the channel estimation, given SNR dB and MHz, the sliding window size in frequency domain is set to 5, which is the optimum size for of 1 MHz. For a large Doppler shift, channel estimation plays an important role in the OFCDM system with hybrid detection. The performance of the channel estimation algorithm is first investigated and the results are shown in Fig. 3 for different window sizes of channel estimation. The Doppler shift ranges from 0 to 2000 Hz (0% to ). Although it is not shown in the figure, the channel estimation error at Hz is almost the same as that at Hz for various . To make the variance of channel estimation not be a function of time position, the variance is averaged over the time positions, denoted as the average channel estimation error. It can be seen that given , the channel estimation with yields the smallest average channel estimation error for all possible values of , when Doppler shift is very small, i.e., Hz . However, when the Doppler shift increases from 30 Hz, the estimation error for increases rapidly, and surpasses that for all when Hz . Although the estimation error keeps increasing for , the errors for all other keeps unchanged as long as Hz . When Hz , yields the smallest channel estimation error. This is because for a small Doppler shift, a larger helps reduce the background noise in the channel estimation and thus improves the estimation quality, while for a large Doppler shift, the distortion caused by large becomes serious and a shorter is preferred. In conclusion, when the Doppler shift is small, a large window size of channel estimation is needed, whereas when the Doppler shift is large, a small window size is preferable. Fig. 4 illustrates the BER performance as a function of Doppler shifts when various window sizes of channel estimation, , are considered. The BERs of pure MMSE (the zeroth stage) and two-stage hybrid detection are both shown. As a comparison, the system performance with perfect channel estimation is also shown. It can be seen that the trends in BER of the hybrid detection are similar to that in Fig. 3 . The performance of the hybrid is very sensitive to Doppler shift. Good channel estimation quality is crucial to the hybrid detection. It can also be seen that the BER with perfect channel estimation increases with Doppler shift as well. This is because MCI-T becomes larger as increases, which cannot be cancelled out by the hybrid detection. Compared to the performance with perfect channel estimation, the BERs of degrade rapidly when the Doppler shift is larger than a certain value. On the other hand, the performance difference between and perfect channel estimation is almost unchanged, irrespective of Doppler. In the following, is set to to get stable performance for a large range of Doppler shift.
As described in the transmitter model, the pilot channel is code-multiplexed to data channels in time domain, and the spreading code with all " 1" is assigned to the pilot channel. The spreading code of the pilot channel can be denoted as . Given and , all the other time-domain spreading codes, are assigned to the data channels with frequency-domain spreading codes,
. Fig. 5 shows the BER performance on data code index. It can be seen that in for a small Doppler shift Hz, all data code channels have similar BER performance. However, for a large Doppler shift Hz , the BERs on different data code channels are different. The th data code channels have obviously higher BER than other data channels. This is due to that according to the code assignment scheme (as explained in the transmitter model), the th data code channels use as the time-domain spreading code. However, is adjacent to the pilot code, , and they have the same mother code at the next higher layer [6] . Note that the pilot channel is highly powered with . Therefore, for a large Doppler shift, the pilot channel causes serious MCI-T to the data channels using , and the performance of these data code channels are obviously worse than other data channels. Therefore, if the data transmitted on different code channels have different levels of importance, the code channels with should be used to transmit the least important information. On the other hand, in order to obtain same performance on all data channels, the channels using need higher level protection, which can be obtained by using lower-rate channel coding for example. Furthermore, when the system is not full-loaded, it should avoid assigning the time-domain spreading code to data channels. The system performance is plotted in Fig. 6 as a function of SNR . For both Hz and Hz, it is shown that the BER decreases as the number of stages increases due to the reduction of MCI in each stage, especially when SNR is large. The most significant reduction in BER is obtained from the zeroth stage to the first stage, then the improvement becomes smaller as the number of stages increases. It can also be seen that hybrid detection works even more effectively for Hz than for Hz. This is because for Hz, better channel estimation quality can be achieved than for Hz. With better channel estimation, significant improvement can be obtained when Hz. When Hz, the BER performance is worse than that for Hz due to the channel estimation error and MCI-T which cannot be cancelled out by the hybrid detection. Although the BER performance gets better when the number of stages of MCI cancellation increases, it should be noted that the improvement becomes insignificant after the second stage for both Hz and Hz. Therefore, a two-stage hybrid detection is sufficient for QPSK at various values of SNR for a large range of Doppler shift. Fig. 7 illustrates the effect of power ratio on the system performance for various Doppler shifts. It can be seen that with two-stage hybrid detection, when is small, the system performance degrades by the poor channel estimation. When increases, the BER performance improves as the quality of channel estimation improves, and BER reaches a minimum for a particular value of . Further increasing beyond that value increases BER due to the low transmit power efficiency and more interference caused to data channels by the pilot channel. With given conditions, the optimum is located in the range of [0.2, 0.3] almost independent of Doppler shift. Similar trends can be observed from pure MMSE, one-stage and three-stage hybrid detection for Hz. In summary, to provide near-optimum performance, the power ratio should be located in the range of [0.2, 0.3], irrespective of the Doppler shift and the number of stages. Fig. 8 illustrates the effect of subcarrier correlation on the BER performance with pure MMSE and two-stage hybrid de- tection. Given a system bandwidth, the number of subcarriers and spreading scheme , the correlation coefficient varies with channel coherence bandwidth . Generally, the system performance degrades as increases due to less frequency diversity gain. It can be seen that for pure MMSE, the degradation is not obvious, whereas for the hybrid detection, the effect of subcarrier correlation is more obvious when is large and Doppler shift is small. There are also some fluctuations in the BER curves when is small. This is because with the frequency-domain sliding window size of , the channel estimation quality is related to the subcarrier correlations. The higher the correlation, the more accurate the channel estimation. When the correlation increases from a small value, the system performance is first improved by better channel estimation. However, the frequency diversity gain decreases at the same time. When the loss in frequency diversity is larger than the improvement obtained from better channel estimation, the system performance degrades. Although the performance of the hybrid detection is degraded by a large correlation, there is still significant improvement from hybrid detection as long as . The BERs of the system with pure MMSE and two-stage hybrid detection are plotted in Fig. 9 as a function of when is fixed to eight. It can be seen that with pure MMSE, the system performs poorly with various values of . However, with the hybrid detection, for both small Doppler ( Hz) and large Doppler ( 1000 and 1500 Hz), the system performance improves significantly when increases. This is because although MCI-F increases, the frequency diversity gain also gets larger with increasing . Furthermore, with MCI cancellation, the gain from diversity overcomes the loss from increased MCI. For Hz, the most significant improvement is observed when is increased from 2 to 32. When is further increased from 32, although the BER still decreases, the trend of the reduction is slowed down. This is because the frequency diversity gain becomes saturated when is large. For
Hz, similar trends can be observed and when is increased from 32 to 64, the performance saturation is more obvious than that for Hz. Finally, for Hz, it can clearly be seen that the improvement in BER is insignificant when is increased from 16. The frequency diversity gain is saturated when for Hz. In summary, although the system performance improves when increases, the frequency diversity gain saturates when is large. The larger the Doppler shift, the smaller the performance saturates at.
V. CONCLUSIONS
An analytical study is presented on the effect of Doppler shift on the system performance with hybrid MCI cancellation and MMSE detection, when imperfect channel estimation is considered. The following conclusions are drawn:
1) The quality of channel estimation is critical to the performance of the hybrid detection in the presence of Doppler. Using the proposed pilot structure, the window size in time domain of channel estimation depends on Doppler.
When the Doppler shift is small, a large window size of channel estimation is needed, whereas when the Doppler shift is large, a small window size is preferable; 2) MCI-T increases with Doppler shifts. Different data code channels have different BER performance. The data codes adjacent to the pilot code should be assigned with the lowest priority; 3) A two-stage hybrid detection is sufficient for a large range of Doppler shift. Moreover, to provide near optimum performance, the power ratio should be located in the range of [0.2, 0.3], irrespective of the Doppler shift and the number of stages; 4) Although the system performance improves when increases, the frequency diversity gain saturates when is large. The larger the Doppler shift, the smaller the performance saturates at. 
